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ABSTRACT 


[he time-dependent forceacting on a cylinder under- 
going harmonic in-line oscillations in an otherwise steady 
flow was measured for various amplitudes and frequencies of 
oscillation and mean flow velocity. The experiments were 
carried out in a recirculating water tunnel operating as an 
open channel with a free surface at the test section. The 
time-dependent force has been expressed in terms of a mean 
drag coefficient С 4 aand the Fourier-averaged drag and 
inertia coefficients Ca and Ds as functions of the relative 


amplitude A/D and the frequency paramter D/VT. 
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M RO DU CT ON 


Elastic structures of one or more degrees of freedom 
can extract energy from the flow about them and can develop 
catastrophic flow-induced vibrations. The understanding of 
this energy-extraction process is of paramount importance 
if one is either to eliminate or minimize it or to design 
mime е Газ іс structure such that it can withstand the oscil- 
lations under the contemplated environmental conditions. 

Even a superficial familiarity with the parameters 
involved in this type of phenomenon shows that the investi- 
gation of the flow-induced vibrations or the flow about 
oscillating bodies is more than an extension of the past 
studies ness about bluff bodies at rest. In fact, the 
complexity of the problem is increased by an order of 
magnitude. In view.of this fact, it is no wonder that the 
past decade has produced either numerous experimental data 
with the goal of obtaining ad-hoc solutions for specific 
problems, while directing little if any attention toward 
elucidation of the underlying mechanics and toward 
generalization of the results for future applications; or 
numerous analytical models most or all of which had nothing 
to do with the motion of the very medium which provided the 
necessary energy to set the body in motion. In fact, the 


fluid mechanics of the flow-induced oscillations became so 





incidental to the phenomenon that the models dealt essen- 
tially with black-box-induced oscillations. To be sure, 
these models heavily relied on experimental data partly to 
justify their existence and partly to assign numerical values 
to numerous variable constants imbedded in them. The ability 
of these models to scale, i.e., to permit extrapolation, is 
uncertain. Thus, in the final analysis one is not quite 
sure whether one should use the experimental data within the 
range of their application or the curves fitted to them by 
the empirical models. Suffice it to say that the phenomenon 
is far from understood even for the idealized conditions 
encountered in the laboratory without the alarming conse- 
quences of the real ocean environment where fauna and flora, 
ever-changing ocean currents, and temperature gradients add 
further complications to an already complex problem. Surely, 
over design is not the answer but it may, in the next decade 
ог 50, be the best available tradeoff with failure. 

Mathematical models of flow-induced vibrations of bluff 
bodies and the response of circular cylinders to vortex 
Shedding have been aptly described by Parkinson [1] and 
Currie, et al. [2] and will not be repeated here. 

It appears that among the various models considered so 
far, the "wake-oscillator" model of Hartlen and Currie [3] 
attracted more attention among the students of vibration 
analysis. We will not elaborate here on the attempts made 


отет to introduce one or more additional terms into the 
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NOAA O nai proposed by Hartlen and Currie for such 
naive attempts produced only more papers and unrealistically 
defined coefficients than sound information toward the 
understanding of the flow-induced oscillations both in-line 
with and transverse to the ambient flow. 

The in-line oscillations has been subjected to very 
little investigation. Chen and Ballengee [4] examined the 
vortex shedding from circular cylinders in an oscillating 
freestream of 3Hz with A/D form 15 to 1,000, D/VT = 0.003, 
and the Reynolds numbers up to 40,000, the vortex shedding 
form a circular cylinder responds instantaneously to the 
freestream variations and that "the instantaneous Strouhal 
ШЕСЕ ес Пр constant at 0.2+ 0.01." This is 
rather expected since the amplitude of oscillations is many 
times that of the cylinder diameter and the flow in the 
absence of Әйт стена се је таслоп5 exhibits a quasi-steady 
behavior. 

Dcus dang Movrkoevwein [S| studiêéd the effect of an 
oscillating freestream on the unsteady pressure on a 
Eucuwlar cylinder (D/VT from 0.15 to 0.25, A/D from 0.05 to 
0.087, and Re » 50,000). They have found that there is no 
significant coupling between the small-amplitude freestream 
oscillations and the vortex shedding. Their results would 
ИСОИ ле drag coefficient associated with the mean 
flow would essentially remain constant at its steady state 


value. This study, unlike the previous ones, concentrated 
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on the other extreme of the A/D values. In this case, the 
flow fluctuations in the neighborhood of the structure are 
essentially uncorrelated and therefore relatively ineffec- 
ЕЕ Evidently, for values of D/VT from about 0.1 to 0.5 
and A/D from about 0.2 to 1.0 that the interaction of 
oscillations with the body becomes significant and rather 
complex. The study of the two extremes of D/VT and A/D 

does not shed much light on the understanding of oscillating 
flow about flow about bluff bodies. 

Mercier [6] who subjected cylinders to large streamwise 
oscillations found that the averaging drag coefficient 
significantly increases with D/VT and that the rate of 
increase depends on the amplitude to diameter ratio in the 
(те of A/D from 0.2 to 3.0, nD/V from 0.1 to infinity, 

ШІП Re from 4,000 to 16,000. 

Ша евро |/iestibgected bluff bodies (flat, plate, 
circular and triangular cylinders, and lattice truss) to 
small amplitude oscillations in a water flume and evaluated 
the drag and inertia coefficients through the measurement 
mene rate of damping of the amplitude of oscillations of 
the bodies, i.e., without directly measuring the forces 
acting on the bodies. The experiments were carried out in 
the range of D/VT from 0.02 to 2.0. The Reynolds number 
ranged from about 1700 to 8,000. Davenport evaluated C 
and C, assuming C, to be equal to that for the corresponding 


Steady flow at the velocity V and ignoring the term 
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involving U Since C does not remain constant as evidenced 
by the present study and у cannot be neglected for ШЕ 
larger than about 0.1, Davenport's Cy and са values are not 
comparable with those presented herein. 

In a related study, Tseng [8] conducted experiments 
with flat plates normal to the stream undergoing freely 
decaying oscillations. His results have shown that the 
presence of the mean flow significantly increases the damping 
force and that the rate of extinction of the oscillation 
increases monotonically with speed. 

Tanida, Okajima, and Watanabe [9] found that for a 
circular cylinder oscillating parallel to the flow 
ШІ = 0.14, М си zero to 0.5, апа тог Ве = 80 and 
4,000), the vortex synchronization can be observed in a 
range around double the Strouhal frequency, where vortices 
are shed with a frequency half the imposed one.  Tanida, 
et alli's results show that the mean drag reaches its maximum 
in the middle of the synchronization range, i.e., D/VT 


between 0.2 and 0.4, and that the sign of C, is such that no 


d 
energy can be extracted from the fluid to render the oscilla- 
tions unstable. In other words, in-line oscillation is 
Stable for the two Reynolds numbers tested. Tanida conjec- 
EEE that instability is likely to occur at much higher 
Reynolds numbers. Unfortunately, their Ca values cannot be 


relied upon since the inertial forces were subtracted only 


approximately and, according to the data reported herein, 
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ВИСТЕ И ОШ being correct. Thus, their C a values cannot be 
considered sufficiently accurate to assess the stability of 
in-line oscillations. 

Goddard [10] carried out a numerical solution of the 
drag response of a cylinder to streamwise velocity fluctua- 
tions for Re = 40 and nD/V = 0.019, 0.12, and 3.18, and for 
EE = 200 and nD/V = 0.149. He found that for very low 
freguencies the instantaneous values of drag correspond very 
nearly to the guasi-steady solution and that for higher 
freguencies the drag anticipates the freestream velocity 
maximum. This work cannot be generalized to higher Reynolds 
numbers since it is based on the Navier-Stokes equations and 
since the diffusion of vorticity in the concentrated vortices 
for Re larger than about 200 is primarily turbulent. 
Numerical or exact solutions of the Navier-Stokes equations 
cannot take into consideration such a turbulent diffusion 
unless modified through the use of an appropriate eddy 


VISCOSITY. 


DECOMPOSITION OF MEASURED FORCES 

The numerical calculations as well as measurements in 
time-dependent flow yield the resultant force as a function 
of time for a given set of numerical values of the independent 
parameters. Thus it is not possible without a suitable 
hypothesis, to express the force both as a function of time 
and remaining independent parameters as one ordinarily would 


in a closed form solution. Such a working hypothesis is 
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particularly necessary for the cable strumming problem since 
the results are to be incorporated into the dynamics of the 
cylinder motion in the form of a forcing function. It should 
be stated at the outset that there is, at present, no 
generally accepted hypothesis to decompose the time-dependent 
force into suitable components. As it will be seen shortly, 
even the existing hypotheses, such as the so-called Morison's 
equations, are not applicable to periodic flows with a 
non-zero mean velocity. 

Stokes, in a remarkable paper on the motion of pendu- 
lums, showed that the expression for the force on a sphere 
oscillation in an Unlimited viscous fluid consists of two 
terms, one_ involving the acceleration of the sphere and the 
other the velocity. This analysis shows that the inertia 
coefficient is modified because of viscosity and is augmented 
over the theoretical value valid for irrotational flow. The 
drag coefficient associated with the velocity is modified 
because of acceleration, and its value is greater than it 
would be if the sphere were moving with a constant velocity. 
In general, the force experienced by a bluff body at a given 
time depends on the entire history of its acceleration as 
well as the instantaneous velocity and acceleration. Thus, 
the drag coefficient in unsteady flow is not equal to that 
at the same instantaneous velocity in steady flow. Neither 
is the inertia coefficient equal to that found for unseparated 


potential flow. As yet a theoretical analysis of the problem 
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for separated flow is difficult and much of the desired 
information must be obtained both experimentally and 
numerically. In this respect, the experimental studies of 
Morison and his co-workers [11] on the forces on piles due 
to the action of progressive waves have shed considerable 
light on the problem. The forces are divided into two parts, 
uude cto the drag, as in the case of flow of constant 
velocity, and the other due to the A COR сы or decelera- 
tion of the fluid. This concept necessitates the introduc- 
tion of a drag coefficient Ca and an inertia coefficient С 
in the expression for force. In particular if F is the 
force per unit length experienced by a cylinder, then 


— 


F = 0.5 CjoDIUIU « С ор“ /4 dU/dt 


where U and dU/dt represent respectively the undisturbed 
velocity and the acceleration of the fluid. 

On the basis of irrotational flow around the cylinder, 
C, Should be equal to 2 асет rest, the Fluid 
accelerating; otherwise L 1), and one may suppose that 
the value of Са should be identical with that applicable to 
a constant velocity. However, numerous experiments show that 
this is not the case and that Ca and D show considerable 
variations from those just cited above. Even though no one 


has suggested a better alternative, the use of the Morison's 


equation gave rise to a great deal of discussion on what 
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values of the two coefficients should Sed. Furthermore, 
the importance of the viscosity effect has remained in doubt 
since the experimental evidence published over the said 
period has been quite inconclusive. 

The drag and inertia coefficients obtained from a large 
number of field tests, as compiled by Miegel [12], show 
extensive scatter whether they are plotted as a function of 


the Reynolds number or the so-called period parameter Џ 170. 


The reasons for the observed scatter of the coefficients СА 
and Са remained largely unknown. The scatter was attributed 
to several reasons or combinations thereof such as the 
irregularity of the ocean waves, free-surface effects, 
inadequacy of the average resistance coefficients to repre- 
sent the SEN variation of the nonlinear force, omission 
of some other important parameter which has not been 
Цело ес into the analysis, the effect of ocean currents 
On separation, vortex formation, and hence on the forces 
acting on the cylinders, etc. 

The most systematic evaluation of the Fourier-averaged 
drag and inertia coefficients has been made by Keulegan and 
Carpenter [3] through measurements on submerged horizontal 
cylinders and plates in the node of a standing wave, applying 
theoretically derived values for velocities and accelerations. 
Additional measurements have been made by Sarpkaya [14] of 
the in-lines as well as transverse forces acting on cylinders 


and spheres in a sinusoidally oscillating fluid and it was 
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found that the drag coefficient as well asus inertia 
ОЕТ Ы СТЕПЕ for a Strictly sinusoidally oscillating fluid 
(no mean velocity) is a function of U T/D and that the 
effect of the Reynolds number is rather secondary and 
certainly obscured by the excellent correlation of the data 
with the period parameter U ,T/D. 

On the basis of the above discussion, one would assume 
that Morison's equation would apply equally well to periodic 
flow with a mean velocity where u = V - U_cose and that Cų 
and С will have constant, time-invariant, Fourier or least- 
squares averages. This, inturn, implies that Са and Са аге 
independent of the associated flow phenomena. There is, 
however, no a priori assurance in the principles of fluid 
mechanics of theory of models that this is, in fact, the 
case. Thus the effect of the combination of a uniform 
current and harmonic oscillations on the time-average and 
ШЕСІ llatory forces СА. on circular cylinders will have 
to be re-examined and the limits of application of the 
Morison's equation be delineated. 

It is a priori evident that both u = -Uj COS and 
и = У - U,cose yield the same acceleration du/dt. Thus, 
the force in-phase with the acceleration in Morison's 
equation remains unaffected by the presence of the mean flow. 
The results presented herein show that this is not the case. 


Furthermore, the use of the Morison equation as 
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К 2 
F = 0.50C ,(V-U cose) | V-U cose} + C onD°/4. du/dt 


requires that the time-averaged drag force be calculated by 
increasing the force calculated from the steady flow by a 
factor [1 + 0.5(u /V)*]. The results presented herein show 
that such an analysis appreciably underestimates the measured 
mean forces. It suffices to state that the fluid flow 
phenomena for bluff bodies are significantly affected by the 
combination of currents and harmonic oscillations and that 
the results for steady currents alone and oscillations alone 
cannot be combined to yield reliable estimates of forces due 
to both acting together. 

The time-dependent forces in the present study are 
analyzed according to the following three-coefficient 


equation 


F = 0.56 72 + C „D“ Ay 05214) - 
а по 4 dt m“ T 





2 1 дт дт 
(„DU oz cost |cos Tt 


which may be written as, 


IUD E. 2 ОАТ 
У = ба CT (u T/D) (D/VT) sinTt - 


25 


Tt 


c4(U, T/D) *(D/VT)* | cos Tt | cos 
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in which Cn and Са are given by their Fourier averages as 


2T 
(2u,T/1*0) $ (F sino) до / (2020) 
0 


and 


QT 
os -(3/4) 9 (F sino) de / (oU£D) 
О 


Evidently, Cj» Cu; and Cy are functions of VT/D and 
Џ 79 or A/D. They may depend also on the Reynolds number 
which does not explicitly appear in the above expression 
because of the assumptions made in the formulation of the 
basic force equation. 

In the foregoing, neither the coefficient Ca is assumed 
O be Saud to the steady-state drag coefficient for a 
uniform flow at the constant velocity V, nor Са 279 Са ате 
assumed to be identical to those obtained for a strictly 
harmonic oscillation. In fact, the results show that С 4 = 
C a (steady) only for U, * 0, and C, and C, are equal to 


those obtained for the harmonic oscillation only for VT/D = 0. 
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II. EXPERIMENTAL APPARATUS AND PROCEDURE 


A. EQUIPMENT 
Le NPS Water Tunnel 

The experiments were performed in a recirculating 
water tunnel (Figure 1) which had a capacity of approximately 
500 gallons. The galvanized test section was four inches 
wide, eight inches high, and sixteen inches long. A low-rpm, 
high-capacity, fourteen-inch-diameter-discharge centrifugal 
pump was used to circulate the fluid through the test 
section. The velocity of the fluid was regulated by a 
butterfly valve arrangement which was situated downstream of 
the test specimen. Velocities of ./ to 1.5 fps were obtained 
by adjusting the vains of the butterfly valve. 

e ТІ and Motor Arrangement 

The harmonic motion in this experiment was obtained 
by a small, variable speed, electric motor and crank arrange- 
ment (Figure 2). The crank was attached to the arm of a 
pendulum 41 inches from the pivot point. The overall length 
of the pendulum was 56 inches. The frequency of the pendulum 
oscillation was regulated by the speed of the electric motor. 
TE (reguency of oscillation varied from 0.6 to 9.0 c.p.s. 
The amplitude of the oscillation was set by adjusting the end 
of the crank on a rotating disk (Figure 2). The amplitude 


"A", ranged from 3/16 to 1.5 inches. 
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m Test Specimen 


Circular cylinders of 3/4 inch and one inch were 
used as the test specimen. The 3/4 inch cylinder was made 
of plexiglass and the one inch cylinder was made of aluminum 
tubing. The test specimen was switched to aluminum tubing 
because the inertial force experienced was less than that 
experienced with the plexiglass cylinder. 

The cylinders were attached to the arm of the 
pendulum by means of an aluminum yoke arrangement (Figure 3). 
The action of the pendulum caused the cylinder to oscillate 
in the center of the test section and in-line with the 
stream flow. 

In order to oscillate the cylinder with the 
pendulum arrangement, it was necessary to operate the tunne! 
with the top of the test section open. The water level was 
maintained as close to the top of the test section as possible 


in order to make the free surface effects negligible. 
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NPS water tunnel. 


Figure T. 





+2u3U36UP440 xueJo pue 4030u 2143293 





20 Ən Ly 


24 





L 
lę 11 
_ tb, 
5 
ћ 
E s 
PA 
SCALE = ONE HALF DIMENSIONS: INCHES 


Figure 3. 


Aluminum yoke/force transducer 





STRAIN 
GAGES 





<O INCHES 


] 


0 


0 


A/D 


Lid 
O 
СЕ 
O 
LL. 
Lid 
= 
پم‎ 
= 
l 
“= 
ч 





ACCELERATION 


Force and acceleration traces. 


Figure 4. 
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Force and acceleration traces. 


Ege 5. 
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4, sensor and Sensor Support 


The mean velocity of the fluid was derived from 
the pressure differential of a pitot tube located upstream 
of the test specimen. 

The instantaneous acceleration of the pendulum arm 
was monitered by an accelerometer attached to the arm of the 
pendulum. 

The in-line force-measuring device consisted of a 
cantilever beam as part of the yoke arrangement. Four 
piezoresistive strain gages were mounted on the cantilever 
beam and properly waterproofed. A drawing of this force 
transducer is shown in Figure 3. The transducer was 
calibrated by hanging loads at the mid section of the 


cylinder in the vertical direction. 


B. PROCEDURE 

It was realized, during the early stages of the 
experiment, that a procedure of recording both the wet and 
dry oscillations at a common frequency would be necessary 
for a complete evaluation of the data. The wet oscillating 
force was made up of an inertial force and a resistive force 
produced by the fluid. In order to separate the forces, the 
dry force was recorded at the same frequency as the wet 
force and then subtracted from the wet force to give the pure 


resistive force. 
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To accomplish the physical recording of the wet and 
dry force oscillations, the water level in the tunnel was 
raised and lowered for each frequency tested. The proper 
status of the cylinder was noted on the chart recordings. 

Figures 4 and 5 show the wet and dry forces as recorded 
for two typical frequencies. The acceleration curve was 
used as a reference in matching the wet and dry run curves. 
It was convenient that the acceleration traces were nearly 
perfect sine curves. 

From traces similar to the one shown in Figure 4, the 
in-line force was read and recorded from both the wet and 
dry curves. The result was then punched on IBM computer 
cards for every 1.0 or 2.0 mm's. 

Finally the drag and inertia coefficients were calcula- 


ted through the computer program given in Appendix A. 





НЕ DUS CUSSION OF RESULTS 


The results of the present investigation will be 
reported in terms of С» Ca» and C, as a function of D/VT 
or VT/D for various values of A/D. Figures 6 through 9 show 
Ca БА unieron ot D/VT for A/D = 0.25, 0.5, 1.0, and 1.5. 
In all cases Ca is equal to its steady-state value for 
ПК = ©, 1.e, for f = 0. The mean-drag coefficient reaches 
a maximum value at D/VT between 0.2 and 0.35. The value 
of D/VT at which this maximum occurs shifts from 0.35 to 0.2 
as A/D increases. Furthermore, the maximum value of Ca 
increases with increasing A/D. For example, for A/D = 1.5 
and D/VT = 0.1 (a wave of 15 ft amplitude and 20 second 
period superimposed on a current of 5 ft/sec velocity acting 
on a 10 ft diameter cylinder), the mean drag acting on a 
cylinder is increased by nearly 50% 

Upon reaching a maximum, С, decreases sharply and as 
evidenced by the results of A/D = 0.25, reaches a value 
nearly equal to that corresponding to a steady flow at the 
ПОСТУ Y. Thus, for a given set of V and D, in-line 
Pei) ations of either very small or very large frequencies 
do not alter the mean resistance, e.g., for A/D = 0.25, Ca 
remains essentially constant in the range 0.45«D/VT«0.1 or 
in the range 2>VT/D>10. In other words, when the frequency 


1/T = f exceeds twice the Strouhal frequency, there is no 


тоге vortex synchronization. 
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From a practical point of view, the increase of Са to 
values several times larger than the steady-state value is 
quite significant. Field studies conducted to determine 
wave forces on cylinders may be strongly affected by the 
presence of mean currents and may yield drag and inertia 
coefficients which are significantly different from those 
obtained With purely harmonic oscillations. It is, of 
course, fully realized that the ocean waves are not usually 
Exe harmonic, but are rather irregular. 

Figures 6 through 9 also show two additional facts 
special importance. Firstly, as far as Ca is concerned, 
there is no special significance of the case where US? V. A 
simple calculation shows that ШЫ for D/VT>0.637 for 
ШЕ 0.25; for D/VT>0.318 for A/D = 0.5; for D/VT>0.159 
for A/D = 1.0; and D/VT>0.106 for A/D = 1.5. Secondly, C, 
is not equal to C ү 


(steady) (1+0.502/ү7 In fact, only 


d 
for very small values of U_/V that the time-averaged drag 
force can be calculated by increasing the force calculated 
from the steady flow by a factor (1«0.5U2/V7?). 

The Fourier-averaged drag and inertia coefficients Са 
and С are shown in Figures 10 through 13 and 14 through 17 
Meemectively as function of VT/D for A/D = 0.25, 0.5, 1.0, 
ШЕ 1.5. The coefficients Са and C, have also been calculated 
through the use of the least-squares method and a modified 


least-squares method. Since the results differ very little 


from those obtained through the use of the Fourier analysis, 
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only the Fourier-averaged coefficients are presented herein. 
On each graph, the values corresponding to VT/D = 0 are 
taken from Sarpkaya [14]. 

Bich temic Noted that both Ca and С exhibit larger 
scatter than Са · The reasons for this scatter are rather 
understandable. For a given A, D, and V, A/D is fixed and 
only T is variable in VT/D. Thus, very small values of 
VT/D correspond to very small values of T or to rather high 
frequencies of oscillation. This means that not only the 
fluid forces but also the inertial forces due to the mass of 
the oscillating system are large. Furthermore, at very high 
frequencies, the acceleration is not exactly harmonic and 
the second order accelerations may introduce some error into 
EM evaluation of the data. In passing, it should be noted 
that attempts to increase T by decreasing V so as obtain the 
same value of VT/D are not very desirable since this leads 
to smaller Reynolds numbers. This and similar other facts 
Simply point out the extreme difficulty of experimentation 
in unsteady flows and are sufficient to put the critical 
redder in touch with his wisdom. 

For large values of VT/D, the frequencies are very low 
and give rise to rather small fluctuating forces about the 
mean drag force. Thus, the decomposition of the small 
alternating component of the total force into in-phase and 
out-of-phase components, i.e., into drag and inertial forces, 


leads to a number of difficulties. In this range, small 
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errors in phase between, say, zero acceleration and the 
actual position of the cylinder іп the cycle lead to 
relatively large errors in the evaluation of Ca and Cn am 
spite of this, however, the data are sufficiently consistent 
to draw quantitative conclusions. It is apparent from 
Figures 10 through 13 that Ca increases rapidly with 
increasing values of VT/D and remains positive throughout 
wet of the T/D values. Only for A/D = 0.25 and 0.50 and 
for very small values of VT/D that C, becomes negative. 
This range of VT/D values nearly fall in the velocity range 
where UV. Evidently, the cylinder cannot extract energy 
from the fluid when C470. Thus, the negative values of Ca 
in a small region of VT/D values imply that it is possible 
to excite in-line oscillations of very small amplitudes at 
frequencies five or more times the Strouhal frequency. 

Such an oscillation has not previously been observed partly 
because no one has excited the elastic test cylinders at 
such high frequencies and partly because the cylinders were 
allowed to oscillate in all аа ол T the consequence 
that in-line oscillations may have been obscured by rela- 
tively larger transverse oscillations. 

The inertia coefficient Са is shown in Figures 14 
through 17 as a function of VT/D for various values of A/D. 
For small values of VT/D, C, approaches its ideal potential- 
flow value of unity. Near Strouhal frequency, however, C 


m 
decreases sharply, particularly for small amplitudes of 
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oscillation. In other words, near Strouhal frequency, the 
force acting on a cylinder undergoing small amplitude 
in-line cscillations is primarily from drag. This is rather 
interesting if we consider the fact that for small values 
DD. say A/D = 0.25 or U„T/D = 1.57, the force acting on 
a cylinder oscillating in a fluid otherwise at rest (i.e., 
NEN is essentially of inertial nature [14]. Thus, the 
presence of a mean flow superimposed on harmonic oscilla- 
tions can significantly alter not only the magnitude of 

the inertial force but also the nature of the entire flow 
structure about the body. For large values of VT/D where 

U /V is rather small (U /V ы б Al A and 

U. /V z 0.30 for A/D = 0.50), the forces acting on the body 
follow the changes in velocity, as noted in connection with 
the discussion of Са» and the inertial component of the 
force is negligibly small. However, it must be emphasized 
once again that the quasi-steady model is grossly inadequate 
to predict the average drag and the response of the insten- 
taneous force to changes in velocity for large periods or 
for extremely small frequencies bears no relation to the 


existence of an actual quasi-steady state of flow. 
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ЕЕ ON > 


The experimental investigation of the in-line oscilla- 
tions of a circular cylinder in a flow with a mean velocity 


Пас yielded the force coefficients Ca C,» and Cy and has 


no 
shown that: 

(a) The mean flow has significant effects on Са» er 
and Са and that the results of the experiments with harmonic 
oscillations in a fluid otherwise at rest are not applicable 
Am oscillations of a cylinder in uniform flow; 

(b) In a region of small values of D/VT where the 
frequency of oscillations is five or more times larger than 
the Strouhal frequency, Ca is negative and energy may be 
E:  msierred from the fluid to the cylinder. This, in turn, 
may give rise to self-excited in-line oscillations in a 
manner similar to those for the transverse oscillations; and 
that 

(c) The most significant region of the D/VT values in 
which the force coefficient differ A from those 


obtained in steady flow or with harmonic oscillations in a 


fluid at rest occur in the vicinity of the Strouhal numbers. 


35 





6270 - (/V 404 LA/Q SNSUAA SJUaLILJJa09 Heup ueow ^9 AND LY 


36 





“e 9.9--% 
ar vn 2697 Ф 
6.6 ` y 
o ~ po v 
o N Y, а 
~ АЛ 
Ty 9 Ma 

% Ves | 

Ра a дос аыр Алдыны аиан Нанын ун 
N a SNOILYTIIISO INI-NI | 

NN O „2 © а 072 
ar “VJ | 
Kal G) ж 
2% (9) a 564 va*l = A ӘЙ ЕЦ = Q V 
`Q o “V 
(Ф 
dE e T" SJ 01 = Лл * nb/£=0 © | 
ФУ E 
sdJ 041 = Д $ uo = 0 o | 
» | 
| 62°0 = G/V ك‎ | 
Te: 





570 


14/0 





Bos Do 


v'O 


а/у 404 LA/G SsnssadA 530919133900 Deap uveay 


570 


270 


“/ әлпбің 
0 


س 


SNOILVT11I2SO 3NIT-NI 


16) 
6 
= 


37 


QUE 





SV 


| 
n po чоч. ty 


14/0 


"0071 з 0/у 403 LA/G Snsaa^ Squ8121j3 202? beap ueoy 79 ӘЛПБІҢ 


«г 
e 





0'l » Q/V 


£'0 


2 


70 


(= 
а 
Co 





SNOIIVI1I2SO 3NIT-NI 


p d 


lo 


C3 
& 
ee 


ата» 
“=> => 


о 
е 
= 


0°2 


38 


LN 
с> 


Mp td 
из 
e 


077 





"0671 = Q/V 403 LA/G Snsas^ SqU9t21j7902D белр чеәй '6 eJ4nbtJ 











°0 670 270 150 0 
з A O 
1۸/0 
E p 
P | 
T d 
Pd 
y^ Gl 
7 
7 
| | 
/ 
/ 
/ 
7 
/ 072 
S'| = 0/ " | 
/ 
es / 
ў 
/ 
ч 
; LE 
/ і 
/ 
/ 
/ 
/ 
/ 
/ 
AN i / 0% 
\ / 
N P p 
Bs ,/ . SNOILVTII2SO 3NIT-NI ) 
>< of amw 


D 


38 











70270 - 0/у 494 0O/1A SNSADA 1149121]]902 Beup рәбеләлу-лә1лйо4 012116 EA 
al 9 с я 
um E NE MEER go ev qm e 67 
0/14 #47 
^ $ й 
o / \ | 
pv T n 
| oi y. 
45 
j | 
~ 
/ 
& 
m 
о, 9 
/3 
/ 
/ 
А 
ey "e | 
ле? і, 
7 / y 
Ж / 
v 
© 
79 | 
° 4% — 9 
2 
Э 
o. V^ 
7 3 
{> 7 
Y lo 
^ 
S2'0 » Q/V ® РУМ SNOLLYIIIISO 3NTT-NI "a 


p 


01 


40 





"050 = 0/Y 404 0/1д 5п5лал 32U3L3144803 бәлр pebeaoAy-astanod "(i| эапбіз 





21 6 9 2 0 
ит „ава а a 
0/14 
ر‎ 
72 X de 
9 N 
1 N 
/ ч 
/ 
/ 
Pd 
7 72 
; | 
4 
4 
; | 
^ 
4 
P 
S 
90 GN Е | 
2 
es | 
c | 
E = | SNOLLVTII2SO 3NI1-NI ie 


41 





ol 





0071 = Q/V 4043 G/LA SNs48A QUaLILyJao0d Heup рабеаэлу-4а914п034 


6 9 9 


o'l = a/y ia 


"21 әлпбіЈ 





SNOIIV11I29S0 3Nii-NI 


42 








"05*1 - Q/V 404 Q/1A SNSADA YUSLILJJ909 be4p pobeuady-dalunoy "EL ounbl4 
él 6 6 € 0 
u oe AA a oe oie UM 
„T = 
G/IA К Е 
E Zu 
27 ~ 
pr” po 
6*1 = 0/ 222-555 | 2 
1% 
ат ал D | 
SNOIIV1112S0 3NIT-NI 9 


43 





80270 = 0/V 4014 Q/IA 
5915ЛӘЛ 14912114902 PLIADUL PIBLADAY-ADLANOY 


——— —————— m lema SRT 


"yl 94n51j 


mer 








E OEC I i 6 9 
0°0 
0/14 | 
o 
~ Ра o ` & 
Mo V/O Y EN 2*0 
N A NO 
Ni v / MD 
GN / No 
N / ON 
EN ^ o Фә | 
NO / NO) v 
N о/ N e 
N / O t'o 
E /e \ 6) 
o a o/ Y 
ST - ЖУ EY | 
m P У © ` 5 , 
“се... в к E o S 

9 $ av 9*0 

EV V 

X 

(o 

& 

4 

M 
Nx 
Я 8%0 
X Ш 
02:0 = 077 SNOILYTTIISO 3NIT-NI M f 
S 
` 
N 


44 





0670 = 0/V 40% 
G/LA SNSJƏA 3091921339092 PLIADUL рэбеаалу-4914п04 65| aunbey 


cl 6 9 © 0 








50 -(/У 





SNOLLYIIIISO 3МІЛ-МІ ) 


071 


45 





"0071 = A/V 401 
G/LA snsasa 40912143902 PLIADUL peBeaseAy-Jetano4 °91 aunb1y 


—ÀÀ‏ ی س 








CÎ Е | б 9 € 0 
G/LA 
270 
N же” Т”. me, 
e 222 `S 
” м 
E /“ N | 770 
M A N 
7 ~ 
N ^ O 
~ Jr 3 
sn Rc M 
== ”” EN 
es E 
ie а 9 
| Ш 
0'l = 0/V SNO И О 5 О EIN] 3 


80 


46 








"0671 = 0/V 404 


a/ın snsasA qU912143902 ei349UL pebegseAy-4stO4nod 771 aAnb t4 
en 7 6 9 € 
0/14 
J 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
желі T | / 
~ eo i x T 
E Ра A 
Ma ДЕ” MI й 
RA Ка 
NE L^ 
RO NIMES 
5 1 = Qv І SNOLLVIIIISO ANIT-NI 


I» 


P 


6-0 


8°0 


47 





APPENDIX A 
COMPUTER PROGRAMS 
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